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A novel cantilever pressure sensor was developed in the Department of 
Physics at the University of Turku in order to solve the sensitivity problems 
which are encountered when condenser microphones are used in 
photoacoustic spectroscopy. The cantilever pressure sensor, combined with a 
laser interferometer for the measurement of the cantilever movements, proved 
to be highly sensitive. The original aim of this work was to integrate the sensor 
in a photoacoustic gas detector working in a differential measurement scheme. 
The integration was made successfully into three prototypes. In addition, the 
cantilever was also integrated in the photoacoustic FTIR measurement schemes 
of gas-, liquid-, and solid-phase samples. A theoretical model for the signal 
generation in each measurement scheme was created and the optimal cell 
design discussed. 
The sensitivity and selectivity of the differential method were evaluated 
when a blackbody radiator and a mechanical chopper were used with CO2, 
CH4, CO, and C2H4 gases. The detection limits were in the sub-ppm level for all 
four gases with only a 1.3 second integration time and the cross interference 
was well below one percent for all gas combinations other than those between 
hydrocarbons. Sensitivity with other infrared sources was compared using 
ethylene as an example gas. In the comparison of sensitivity with different 
infrared sources the electrically modulated blackbody radiator gave a 35 times 
higher and the CO2-laser a 100 times lower detection limit than the blackbody 
radiator with a mechanical chopper. As a conclusion, the differential system is 
well suited to rapid single gas measurements. 
Gas-phase photoacoustic FTIR spectroscopy gives the best performance, 
when several components have to be analyzed simultaneously from 
multicomponent samples. Multicomponent measurements were demonstrated 
with a sample that contained different concentrations of CO2, H2O, CO, and 
four different hydrocarbons. It required an approximately 10 times longer 
measurement time to achieve the same detection limit for a single gas as with 
the differential system. The properties of the photoacoustic FTIR spectroscopy 





Solid- and liquid-phase photoacoustic FTIR spectroscopy has several 
advantages compared to other techniques and therefore it also has a great 
variety of applications. A comparison of the signal-to-noise ratio between 
photoacoustic cells with a cantilever microphone and a condenser microphone 
was done with standard carbon black, polyethene, and sunflower oil samples. 
The cell with the cantilever microphone proved to have a 5-10 times higher 
signal-to-noise ratio than the reference detector, depending on the sample. 
Cantilever enhanced photoacoustics will be an effective tool for gas 
detection and analysis of solid- and liquid-phase samples. The preliminary 
prototypes gave good results in all three measurement schemes that were 
studied. According to simulations, there are possibilities for further 
















This thesis consists of the present introduction and the following publications 
(hereafter referred to as Papers [I] – [V]): 
 
Paper [I] J. Kauppinen, V. Koskinen, J. Uotila and I. Kauppinen, “Extremely 
sensitive CWA analyzer based on a novel optical pressure sensor in 
photoacoustic gas analysis”, in Proc. of SPIE 5617, 115-127, 2004. 
 
Paper [II] J. Uotila, V. Koskinen and J. Kauppinen, “Selective differential 
photoacoustic method for trace gas analysis”, Vibr. Spectrosc. 38, 3-9, 2005.  
 
Paper [III] J. Uotila, “Comparison of infrared sources for a differential 
photoacoustic gas detection system”, Infrared Phys. & Tech. 51, 122-130, 
2007. 
 
Paper [IV] J. Uotila, “A new design of the differential photoacoustic gas 
detector combined with a cantilever microphone”, Eur. Phys. J. Special 
Topics 153, 401-404, 2008. 
 
Paper [V] J. Uotila and J. Kauppinen, “Fourier transform infrared 
measurement of solid-, liquid-, and gas-phase samples with a single 
photoacoustic cell”, Appl. Spectrosc. 62, 655-660, 2008.  
 
Chapter 1 is a short introduction to photoacoustic spectroscopy and 
provides the motivation for the thesis.   
In Chapter 2 an optical cantilever microphone is introduced and its 
properties are discussed. The theory in this chapter is partly based on the 
theory presented in Paper [I], but mainly it is reformulated based on the new 
reference material.  
Chapter 3 describes the use of the cantilever microphone in 
photoacoustic gas analysis. The focus is on the differential and FTIR methods. 
The discussion of the differential method is mainly based on Papers [II], [III], 
and [IV]. The signal generation with the cantilever microphone and 




Photoacoustic FTIR spectroscopy is discussed based on previously 
unpublished experiments and simulations. A detailed signal formation, 
discussion of spectral distortions and multicomponent measurements in 
photoacoustic FTIR spectroscopy, and optimization of the cell for FTIR 
spectroscopy are all presented for the first time in this thesis. Signal generation, 
calculation of the absorbance, and optimization of the cell length are briefly 
discussed also in Paper [V].   
In Chapter 4, the properties and applicability of the cantilever 
microphone for the photoacoustic FTIR spectroscopy of solid- and liquid-phase 
samples are discussed. This chapter consists mainly of the study presented in 
Paper [V]. Signal generation is completed by incorporating the cantilever 
properties into the theory. The polyethene and sunflower oil spectra measured 
by the reference detector are added to the discussion about cell performance.     
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Gas analyses have many applications in defense and security [1][2], 
atmospheric monitoring [3]-[5], industry [6], human health [7] and also in 
several other fields [8]. A considerable amount of commercial equipment is 
available, based on numerous different techniques [9]. However, several 
requirements still have not been fulfilled. There is always a need for more 
sensitive detectors. For some applications, only a small amount of the sample 
is available and extremely low sampling volumes are required. Often the gas 
has to be analyzed in ambient conditions and the number of false alarms has to 
be minimized. This means that the sensor has to be insensitive to cross 
interference from e.g. water vapor or hydrocarbons. The system should also be 
portable or handheld and it should be able to detect multiple gas components 
simultaneously. 
Photoacoustics [10][11] is a promising technique which answers several 
of these requirements. The main limiting factor in photoacoustics has been the 
sensitivity of the condenser and electret microphones. The optical cantilever 
microphone offers a solution to this problem [12]. The combination of laser 
interferometer and micromachined silicon cantilever is allowing the 
measurement of pressure variations which are a hundred times lower than 
those detected by conventional microphones [13]-[16]. 
The principle of photoacoustic signal generation is rather simple. 
Electromagnetic radiation absorbed in a sample excites ground state molecules 
to the higher energy levels. The excited states relax either radiatively or non-
radiatively. The non-radiative relaxations finally generate heat in a region of 
the infrared or light beam producing a pressure wave that propagates away 
from the source. A pressure sensor such as a microphone can be used to detect 
this acoustic wave. Periodically modulated light will generate an acoustic 
wave with a frequency equal to that of the modulation. In photoacoustics the 
absorption is measured directly, and the acoustic wave amplitude is 
proportional to the absorption and the concentration of the absorbing gas. 
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The measurement of solid-phase samples is well suited to photoacoustics 
and therefore it is included in the study. The FTIR (Fourier transform infrared) 
analysis of solid- and liquid-phase samples [17] has a great variety of 
applications [18] and advantages compared to other techniques. The most 
important and well-known advantages are the minimal sample preparation 
required, suitability for opaque materials, possibility for depth profiling, and 
nondestructive measurement, which means that the sample is not consumed. 
Photoacoustic spectroscopy is also suitable for powders, fibers and very small 
samples [19]. The shape of the photoacoustic spectrum is also independent of 
the morphology of the sample [20]. 
The photoacoustic phenomenon was invented as early as 1880 by 
Alexander Graham Bell, while experimenting with a photophone [21]. After 
this accidental discovery, several experiments with solid, liquid and gas 
samples were made [22]. However, the phenomenon remained in the 
background until the advent of the microphone. In 1938, Viengerov was able to 
evaluate gas concentrations using a blackbody radiator and an electrostatic 
microphone [23]. The first commercial photoacoustic gas analyzer was 
described by Luft [24] in 1943. He achieved major improvements in the 
sensitivity and selectivity by employing two photoacoustic cells in a 
differential design. At that time, photoacoustics was only used in gas analyses, 
and since gas chromatography performed better, photoacoustics played only a 
minor role. In the early 1970’s the availability of lasers led to a major 
improvement in photoacoustics making it a very competitive and widely used 
method [25][26]. At the same time, interest in the solid-phase photoacoustics 
arose once again [27]-[29]. Nowadays solid-phase photoacoustic FTIR 
spectroscopy is a powerful tool for many applications [18]. A recent trend in 
photoacoustic gas analyses is to employ wavelength tunable quantum cascade 
and diode lasers [30][31].              
The aim of this work has been to apply the optical cantilever microphone 
to photoacoustic spectroscopy (PAS), and to prove its potential and 
performance in selected practices of photoacoustics in gas analyses and also in 
FTIR spectroscopy of solid samples. Of the many techniques in the field of 











Optical cantilever microphone 
 
 
2.1. Cantilever and laser interferometer 
 
A cantilever type pressure sensor has been proposed in order to achieve 
optimal sensitivity for a microphone used in a photoacoustic cell 
[12][13][15][16][32]. The main benefits of the cantilever are a very low string 
constant and extremely wide dynamical range in the cantilever movement. The 
string constant can be 2 or 3 orders of magnitude smaller than that of the 
membrane, and the movement of the cantilever can be tens of micrometers 
without any non-linear or restricting effects. An interferometric measurement 
of the cantilever end movement is required in order to avoid damping due to 
the probe and to maintain the wide dynamical range. The dynamics of the 
cantilever and condenser type microphones are discussed in Paper [I]. 
The cantilever is made out of silicon using a microfabrication process 
based on two-sided etching of silicon-on-insulator (SOI) wafers [33]. A thin 
cantilever moves like a saloon door induced by a pressure difference over the 
cantilever. The cantilever is typically 5 µm – 10 µm thick and it is supported by 
much thicker (300 µm – 500 µm) frames. On the three sides there is a narrow 
micrometer sized gap between the cantilever and its frame. The schematic 
drawing of the cantilever structure and typical dimensions are presented in 
Fig. 1. 
 





Figure 1.  Cantilever structure and typical dimensions. 
 
The optical measurement of the cantilever movement is based on a 
Michelson type laser interferometer (Fig. 2). The reference mirror in the 
interferometer is adjusted in such a way that only one interference fringe 
covers both photodiodes D1 and D2 having the phase difference of π/2. 
Respectively the photodiodes D3 and D4 in another branch have a phase 
difference of π/2. The signal in different branches automatically has a phase 
difference of π. The voltage signals U1-U4 and U2-U3 are calculated and 
subsequently the phase difference proportional to the cantilever displacement 









=φ .    (1)    
 
If the phase difference exceeds 2π, the signal is calculated from the equation  
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Parameter kn in Eq. (2) is rounded to the nearest integer. Unlike for the beam 
deflection technique [34], the dynamical range is extended because another 
interference fringe arises after the previous one disappears. The phase change 
of 2π corresponds to a displacement of λ/2 of the cantilever, where λ is the 
wavelength of the interferometer laser.   




Figure 2. Schematic drawing of the laser interferometer and measurement 
principle. 
 
2.2. Cantilever microphone versus condenser microphone 
 
Condenser microphones are the most typical pressure sensors used in 
photoacoustic spectroscopy [35] and practically almost the sole type of 
microphones used in commercial devices. In a condenser microphone, the 
vibrating element is a flexible membrane. It deforms due to the pressure 
variations in the surrounding gas. In order to form a capacitor with the other 
electrode, the membrane has to be coated with metal. The capacitance CM 
varies proportionally to the pressure Δp and the displacement of the 







ε ,   (3) 
 
where ε is the dielectric constant of the gas between the electrodes, AM is the 
common area of electrodes and hc is the distance between electrodes. The 
sensitivity can be enhanced by increasing AM and decreasing hc. However, there 
is strong damping due to the air flow in and out of the gap between the 
electrodes that finally limits the sensitivity, when AM is increased and hc 
decreased enough. Optical measurement of the membrane displacement 
reduces damping. There are several techniques for optical measurement [36] 
e.g. optical beam deflection [34][37] and laser interferometry [38][39]. 
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Significant improvements in microphone sensitivity can be achieved by using 
these methods. Also other pressure sensing methods such as flowmeters [40], a 
quartz tuning fork [41][42] and optical fibers [39][43] have been used 
successfully in photoacoustics. 
 
 
Figure 3. The structure of the condenser microphone. 
 
When the flexible membrane is moving due to pressure variations it has 
to stretch. This causes additional damping and non-linearity to the pressure 
dependence of the membrane displacement. Instead of stretching, the 
cantilever bends. Therefore it is considerably more sensitive than the 
membrane to pressure variations. Below the first resonance frequency, the 
motion of the cantilever free end can be described using the simple one-
dimensional point of mass model of a harmonic oscillator. The equation of 
motion is  
 
)(tFkxxDxm ext=++ &&& ,    (4) 
 
where m is the effective mass, D is the damping constant, k is the effective 
string constant of the cantilever, Fext(t) is an external force, and t is time. The 
effective string constant depends on the cell and cantilever properties, but the 
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where w is the width, lc is the length, and h is the thickness of the cantilever, 
and Y is the Young’s modulus of the material. When the external force is 
sinusoidal Fext(t) = F0cos(ωt + φ), where F0 is the amplitude of the force, ω is the 
angular frequency and φ is the phase difference, the amplitude of the 
displacement x(t) in Eq.(4) can be solved. Then the frequency response or 
amplitude of the cantilever end displacement can be given as 














== .  (6) 
 
The resonance frequency is defined as mk /0 =ω . Below the resonance 
frequency (ω << ω0), the frequency response of the cantilever is constant A(ω) = 
F0 / mω02, and above the resonance (ω >> ω0) the response is inversely 
proportional to the square of the frequency A(ω) = F0 / mω2. The cantilever has a 
major role in the total response, but there are also several other important 
mechanisms affecting the response of the signal in the photoacoustic cell (Fig. 
4).  
 
2.3. Cantilever in the photoacoustic cell  
2.3.1. Photoacoustic cell response 
 
There are various mechanisms acting in the photoacoustic system that affect 
the frequency response. In this chapter we discuss the generation of heat 
transfer, leakage and relaxation effects, which occur when the photoacoustic 
cell and cantilever pressure sensor are used for gas-phase measurements. 
The photoacoustic cell dimensions are small compared to the 
wavelength of the excited acoustic wave. This allows us to assume that the 
pressure, temperature, and density of the gas are constant over the locations 








=+ ,    (7)       
 
where p is the pressure, V is the volume, and T is the temperature of the gas in 
the cell. According to the first law of thermodynamics, the heat energy Q going 
into the ideal gas is  
 
pdVdTncQ V +=δ .    (8)  
 
In Eq. (8), n is the number of moles and cV is the specific heat capacity at 
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when the ratio of specific heat capacities is γ = cp/cV and cp – cV = R, where R is 
the universal gas constant. The force affecting the cantilever due to a pressure 
change dp produces a displacement dx that depends on the cantilever string 
constant and area AC as 
 
dpAdxk C=0 .      (10) 
 
The bending of the cantilever causes a small volume change in the 
photoacoustic cell. If this bending is assumed to be in the shape of an arc of a 
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A differential change in force can be obtained by substituting Eqs. (10) and (11) 
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An effective string constant k of the cantilever inside the photoacoustic cell can 
be deduced from the left side of the equation. The volume change due to the 










0 γ+= .    (13) 
 
If the volume at the rear of the cantilever, V0, is small, the sample cell volume V 
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By integrating the latter part of Eq. (12), which describes the force on the 
cantilever due to the external heating energy, we can write the external 
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The heating of a sample gas is induced by the absorption of energy from 
modulated infrared radiation, as stated by Beer’s absorption law. We can 
assume that the thermal conduction of the cell walls is high compared to 
thermal conduction through the gas, that the heat capacity of the cell walls is 
high compared to that of the gas, and the energy transfer to heat is isochoric, 
δQ = CVdT, where CV is the total heat capacity of the gas in the sample cell. 
































,   (16) 
 
where αx is the absorption coefficient of the absorbing gas, l is the absorption 
length, P0 is the maximum power of the infrared radiation, G is the total 
thermal conductivity of gas content inside the cell, and φ’ is the phase shift. 
Now we can substitute Eq. (16) into Eq. (15) and substitute the external force 
into the equation of motion and construct the frequency response which 
includes the heating effect as 
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where the time constant τ1 = CV / G. A good approximation to the time constant 








τ ≈ ,     (18)  
 
when a long cylindrical cell is used and homogenous heat energy absorption 
along the cell is assumed. In the Eq. (18) ρ is the density, cv is the specific heat 
capacity (constant volume), K is the thermal conductivity of the gas, and r is 
the radius of the cell. 
 
Thermal diffusion to the cell walls prevents the absorbed energy near the 
cell surface from forming a photoacoustic signal, instead the heat is conducted 
to the cell walls. The thermal diffusion length, μ, describes the distance where 
37 % (1/e) of the heat is conducted to the wall and can be given as 
 






μ 2= ,     (19) 
 
where cp is the specific heat capacity (constant pressure) of the gas mixture in 
the cell. The effect of this thermal diffusion on the photoacoustic signal can be 
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By leakage through the gap between the cantilever and the frame, we 
mean both the direct leaking of gas through the gap, which is damping the 
pressure difference, and also the effect on the temperature variation in the 
sample cell, due to the energy transfer away from the sample cell by higher 
temperature gas molecules. Both mechanisms act as highpass filters in the 
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The combined effect due to pressure and temperature differences can be 
regarded as a serial process, and an approximation to the effective time 
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where τ2 is the time constant due to the pressure difference, τ3 is the time 
constant due to the temperature difference, Ag is the area of the gap between 
the cantilever and its frame, vrms is the root-mean-square of the molecule 
velocities in the photoacoustic cell and vsound is the speed of sound.  
 
Relaxation mechanisms of excited molecules to heat via a non-radiative 
pathway might be complicated. The relaxation time depends on the pathway 
and excited energy levels [10]. The total effect of relaxation process can be 
described by a lowpass filter using one relaxation time τ4, which is typically 
less than 1 millisecond. The frequency response of the process is [15] 
 












AA .     (23) 
 
The resonance frequency of the cantilever inside the photoacoustic cell 
depends on the effective mass and the string constant: mk /0 =ω . The 
effective string constant is given in Eq. (13). The effective mass is given by 
summing the oscillating portion of the cantilever mass and the mass of the 
moving gas which the cantilever displacement is pushing through the cell 
parts. It can be easily determined by measuring the resonance frequency, but 
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where mC is the mass and AC is the area of the cantilever, and ρgas is the density 
of the gas in the cell. Vj,tot is the total volume in side j of cantilever, Ai,j is the 
area, li,j is the length, Vi,j is the volume of the chamber before, and Vi,j,end is the 
volume after the channel i, where the gas is forced to move due to the 
cantilever displacement. 
 
Figure 4. The impact of each component on the photoacoustic cell response.  
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The total system response which combines the effects of the cantilever, gas 







































.   (25) 
  
In Fig. 4 the response of each component is shown separately. The response of 
the cantilever is constant until the resonance frequency. At low frequencies 
heat transfer and leakage effects dominate the shape of the response giving a 
maximum of the total system at the frequency range between 1 Hz and 10 Hz. 
After the resonance frequency the response decreases rapidly limiting the 
feasible measurement range below the resonance frequency. 
 
2.3.2. Noise sources 
 
The sensitivity of the gas detection system is ultimately limited by the signal-
to-noise ratio (SNR). Therefore it is not enough just to have a high response, 
the noise characteristics of the system must also be known. A photoacoustic 
cantilever system basically has four kinds of noise: acceleration, acoustic, 
electrical, and Brownian noise. Also a high background signal can increase 
noise due to the instability of the infrared radiation source. 
 
Acceleration noise is generated by the movement of the instrument which 
disturbs the cantilever. The most disturbing is acceleration perpendicular to 
the cantilever surface that makes the cantilever bend because of inertia. The 
acceleration noise in this direction is minimized by a balance structure of the 
cells (Fig. 5). The principle is to let the acceleration induce a pressure difference 
between the cantilever sides in such a way that a compensating force on the 
cantilever is induced. This is done by positioning the centers of mass of the 
sample and balance chambers at the same side of the cantilever at an 
appropriate distance. A simple equation for the optimal distance dCM can be 
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where ρcant is the density of the cantilever, ρgas is the density of the gas in the 
cell, and h is the thickness of the cantilever. The acceleration noise can also be 
significantly reduced by using mechanical vibration dampers, e.g. gel pads, or 
a two cantilever system, where acceleration bends the cantilevers in the same 
direction and the signal in opposite directions. By calculating the sum-signal 
acceleration noise is subtracted. Typically, acceleration noise can be damped at 
high frequencies, but at frequencies below 25 Hz it is dominating. 
   
 
Figure 5. Acceleration noise can be damped by adjusting the distance between 
the centre of mass of the sample and balance chambers.  
 
Acoustic noise is generated from ambient sound that makes weak 
structures in the system vibrate or enters the photoacoustic cell through small 
holes in the construction. Usually the appearance of acoustic noise is a sign of 
failure in the system construction and normal ambient noise is attenuated 
when a proper design and materials are used. 
 
Electrical noise is formed in the analog electronics, photodiodes and AD-
converters of the system. Also laser intensity fluctuations in the optical read 
out system create electrical noise. All of these noise sources have different 
frequency characteristics. In a typical cantilever based photoacoustic system, 
the electrical noise is much lower than other noise sources except at the 
modulation frequency of the power network (50 Hz or 60 Hz).   
 
Brownian noise is the ultimate limiting factor, when external noise sources 
are damped. Thermal fluctuations generate a random force on the cantilever. 
The cantilever senses fluctuations through collisions of the molecules in the gas 
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medium. The frequency characteristics of the Brownian noise can be evaluated 
by dividing the noise into the 1/f-component and the oscillating component, 
and normalizing the power spectrum with the expectation value of the 





1 2 = .    (27) 
 
The gap between the cantilever and its frame generates the 1/f-component [44], 
which is an additional part to the oscillating component considered in the 
traditional treatment of the Brownian motion of cantilevers [45]. The 
normalization leads to a situation where the increase in the Q-value decreases 
the noise elsewhere, especially at low frequencies. The power spectrum of the 
Brownian noise follows the signal spectrum close to the resonance, but at low 
frequencies the cantilever dimensions can significantly affect the signal-to-
noise ratio. Typically the signal-to-noise ratio has a maximum value at 
frequencies between 10 Hz – 50 Hz. In Fig. 6 the measured noise spectrum 
dominated by Brownian noise is presented.    
 
Figure 6. Measured noise spectrum, where Brownian noise is dominating.  
 
A background signal is generated in the photoacoustic cell walls, cell 
windows, and dust in the cell. If the background signal is high, the intensity 
variations in the radiation source create noise even if the signal itself can be 
subtracted. The wall signal is minimized by polishing and gold coating the cell 
walls making them highly reflective. The window signal is generated by the 
absorption of infrared radiation into the window material and the temperature 
fluctuation on the gas close to the window surface forming an acoustic signal. 
A dust signal is generated by small particles in the photoacoustic cell that 
absorb infrared radiation. A dust filter can be used in the gas inlet in order to 
prevent any particles getting into the cell. Wall and window signals can also be 
minimized by using a differential setup or a frequency modulation with laser 















3.1. Measurement techniques 
 
There are basically four different techniques that have been used for 
photoacoustic detection of gas-phase samples: systems with laser sources, 
systems with a blackbody radiator and optical filters, differential systems, and 
FTIR systems. Each of these techniques has benefits and drawbacks, which 
dictate the suitable applications for which they should be used. The key issue 
that each approaches differently is selectivity. There are also other important 
properties that vary for the different setups such as sensitivity, linearity, 
sampling, complexity, and system cost. An optical cantilever microphone can 
be integrated in any of the four setups. Possible infrared sources that can be 
used with photoacoustics, other than those mentioned above, are for example 
LEDs [46] and super continuum lasers [47]. 
 
Laser sources are currently the most frequently applied infrared sources in 
photoacoustics [1][6][8]. Usually they are used in combination with a resonant 
photoacoustic cell [48]. In the past gas lasers have been the most practical mid-
infrared lasers, having high power in fundamental vibrational bands of several 
interesting gas species [3]. Recently the development of semiconductor diode 
lasers and quantum cascade lasers has made laser sources available in greater 
variety of wavelengths, also on the bands of fundamental transitions [8][49]. 
With diode lasers high power levels can be reached by using fiber amplifiers 
[50][51], but the greatest advantage is their tunability. Selectivity with lasers is 
based on the narrow laser linewidth. It can be tuned precisely to the gas 
absorption line that gives the highest signal for a specific gas species 
completely without, or with only minor, cross interferences. Wavelength 
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modulation of diode lasers minimizes the background signal and avoids 
vibrations due to the mechanical chopper. The photoacoustic cell with a 
cantilever pressure sensor is a simple cylinder working in non-resonant mode, 
when a laser source is used. Good results have been achieved in several studies 
by combining the diode laser and cantilever system, where a cantilever based 
cell is compared to other photoacoustic cells [13][51]-[55]. At best, a normalized 
noise equivalent sensitivity (NNEA) of 1.7 · 10-10 cm-1 W Hz-1/2 has been 
reported [52], being ca. 100 times better than with condenser microphones [50] 
and more than 10 times better than with a quartz tuning fork [41].                
 
The blackbody radiator and optical filters are also used in commercial 
photoacoustic gas analyzers [56]. Selectivity is achieved by selecting infrared 
pass bands of the filters according to the gas to be measured. Cross 
interference is much higher than with lasers due to the wider pass band of the 
filter. However, by using several filters many substances can be separated 
sufficiently well. Large size high temperature blackbody sources create a high 
signal, when fundamental vibrational bands are excited. The radiation cannot 
be both collected on a wide space angle and focused on a small area at the 
same time and also a mechanical chopper has to be used with large sources. 
Another possibility is to use electrically modulated blackbody sources [57][58]. 
By using these sources, system becomes more rugged, simpler and also lower 
cost, but sensitivity is decreased. When the cantilever enhanced photoacoustic 
cell is designed for blackbody sources, the cell is cylinder shaped, but the 
diameter is larger than in the design for laser sources.  
 
3.2. Differential setup 
 
The differential system was the first photoacoustic technique to be used in a 
commercial gas analyzer [24]. Its benefits, compared to systems with direct 
absorption measurement, are the subtraction of background signals due to the 
cell walls and windows, a high selectivity due to the gas spectrum acting as a 
filter, and immunity of the photoacoustic cell to noise while the sample is 
changed. This means that no additional filters are required, for example when 
CO2 is measured, noise due to the short term instability of the light source is 
canceled, and the sample cell can be completely open or the gas can flow 
continuously during the measurement. The sampling interval can be very 
short when using a differential cell. The devices in literature based on 
differential photoacoustic systems are usually called NDIR (nondispersive 
infrared spectroscopy) gas analyzers [59]-[63]. There are also systems called 
“differential mode excitation photoacoustic spectroscopy” (DME-PAS) 
detectors that use a reference signal from another frequency in order to 
3.2. DIFFERENTIAL SETUP 
 
17
compensate for instability due to intensity fluctuations of the light source or 
drifts in the microphone response and electronics [64][46].  
 
3.2.1. Signal generation in differential method 
 
Selectivity in the differential method is based on gas filter correlation (GFC) 
[65]-[67]. When gas filter correlation is applied with a cantilever microphone, 
the system consists of three cells: the sample cell, reference cell, and 
photoacoustic cell (Fig. 7). The sample cell contains the unknown sample gas 
which includes component whose concentration is determined and possibly 
some other components. The reference cell contains a non-absorbing gas, such 
as nitrogen. The photoacoustic cell acts as a selective detector and contains a 
high amount of the gas to be detected. It is divided in two similar parts A and 
B, which are separated by the cantilever. The displacement of the cantilever 
depends on the pressure difference between cell parts A and B. 
 
 
Figure 7. Schematic drawing of the differential setup. 
 
The amplitude of the cantilever displacement due to the photoacoustic signal 
in cell part A is 
  




−−−×= lLPCA xx ,  (28) 
 
where P(ν) is the radiation power coming into the sample cell, αx is the 
absorption coefficient of gas component x in the sample cell, L is the absorption 
length in the sample cell, α0x is the absorption coefficient of gas component x in 
the photoacoustic cell, l is the absorption length in the photoacoustic cell, and ν 
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is the wavenumber. The cell constant C(ω), which describes the response of the 



























C C . (29) 
 
Respectively the amplitude in cell part B is  
 




−−×= PlCB x .   (30) 
 




lLPCAB xx −−−−×=− ∫
∞
.  (31) 
 
The absorption coefficient, αx(ν), is a sum of effective absorption coefficients of 
individual transitions between states η and η’  
 
)()()( ' ννανα ηη xxx Ep≡=∑ ,    (32) 
 
where Ex(ν) is the absorption spectrum of component x. An effective absorption 
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when the partial pressure px of gas component x is expressed in units of [atm] 
and Sηη’ is the line intensity. The normalized line shape function g(ν) describes 
the spectral line spread about the transition frequency. When absorption in the 
sample cell is small, the difference signal is linearly proportional to the partial 
pressure  
 




−−⋅≈− LElPCpAB xxx .  (34) 
 
Under atmospheric conditions, pressure broadening dominates the 
spectral linewidth. The pressure broadening varies according to whether it is 
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caused by collisions of molecules of the gas compound itself or molecules of 
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where airηηγ '  and 
x
ηηγ '  are the air broadened and self-broadened halfwidth at half 
maximum at reference temperature Tref = 296 K and pressure 1 atm, and nηη’ is 
the coefficient of temperature dependence. Pressure broadening can be 
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At low pressures, high wavenumbers, and high temperatures Doppler 




D ηηνν =Δ ,    (37) 
 
where m is the molecular mass and c is the speed of light. The line shape 






























mcgD .   (38) 
   
When pressure broadening is comparable to Doppler broadening, the Voigt 
absorption profile is calculated as a convolution of the two line shape 
functions. A simulation of the absorptance spectra Ax(ν) = 1 – exp(-αx(ν)L) and 
A0x(ν) = 1 – exp(-α0x(ν)l) of 100 ppm of carbon dioxide in the sample cell and 
5000 ppm of carbon dioxide in the photoacoustic cell are shown in Fig. 8. The 
line shape function is approximated using the Lorenz profile and the 
absorption length is set to 14.9 cm in the sample cell and to 7 cm in the 
photoacoustic cell. 




Figure 8. Simulated absorptance spectra of carbon dioxide in the sample and 




The absorption spectrum of the gas inside the photoacoustic cell provides the 
selectivity. When absorption coefficients of components x and y are αx and αy, 
and photoacoustic cell is filled with component x with absorption coefficient 
α0x, the amplitude A can be given by   
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where the absorptance of the gas in the photoacoustic cell is given by A0x = 1 – 
exp(-α0x(ν)l). When Eqs. (34) and (40) are compared, it can be seen that the two-
component sample gives a signal that is a sum of a single substance signal and 
a cross interference signal. The cross interference depends on the partial 
pressure of the cross interfering substance and the cross correlation of the 
absorption spectrum of interfering substance and the absorptance spectrum of 
the gas in the photoacoustic cell. This result can be generalized for 
multicomponent samples as  
 











0 .  (41)    
 
The cross correlation can be minimized by using a low total pressure and 
partial pressures in the photoacoustic cell, and if necessary, using additional 
optical filters which affect the band of input power P(ν).  
 
 
Figure 9. Simulated absorption coefficient spectra of H2O (300 ppm), CO2 (10 
ppm), CO (100 ppm), CH4 (100 ppm) and C2H4 (100 ppm).  
 
The selectivity of the system for a pair of components can be described 
using the cross sensitivity Qxy, which is determined as a ratio of the single 










= .    (42) 
 
In fact, the signals are the second and first term on the right hand side of the 
Eq. (40). In Table I, the cross sensitivities are calculated for five example gases 
using dimensions L = 14.7 cm and l = 19.0 cm, and a partial pressure p0x = 100 
mbar. Also measured detection limits for each gas are shown. The absorption 
coefficient spectra of these five components are shown in Fig. 9. The simulation 
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Table I. Simulated cross sensitivities and measured detection limits of H2O, 
CO2, CO, CH4 and C2H4 for a 1.3 s measurement time. 
 
Comp. y in 
the sample 
cell 
Component x in the photoacoustic cell 
C2H4 CH4 CO2 CO Det. limit / 
ppm 
C2H4 1 1.2 x 10-1 4.6 x 10-5 1.6 x 10-5 0.92 
CH4 6.3 x 10-1 1 1.8 x 10-5 7.7 x 10-4 0.32 
CO2 1.9 x 10-4 2.7 x 10-3 1 3.1 x 10-4 0.11 
CO 3.0 x 10-5 5.3 x 10-4 1.7 x 10-4 1 0.80 
H2O 2.3 x 10-3 1.2 x 10-2 1.4 x 10-2 2.4 x 10-4  
 
Good selectivity can be achieved, when dissimilar components e.g. CO2 and 
CH4 are separated, but, for example, between hydrocarbons the selectivity is 
insufficient if there are several substances in the sample. Depending on the 
application, an additional narrowing of the spectral band may be required. 
   
3.2.3. Optimization of the differential system parameters 
 
Optimizing the system parameters for the best possible sensitivity means 
finding the highest possible signal-to-noise ratio induced by the partial 
pressure px of the sample gas. In order to do this, the cell constant, incoming 
optical power, absorptance in the sample cell and absorptance in the 
photoacoustic cell all have to be as high as possible (Eq. 31), whilst the noise is 
minimized. These parameters can be adjusted through the selection of the 
infrared source, cantilever and cell dimensions, pressure in the cells, and the 
mixture in the photoacoustic cell. The optimization is complicated in the sense 
that each selection affects the others and parameters cannot be optimized 
separately. However, there are certain principles that can be used for 
optimization. 
The partial pressure of the gas to be detected in the photoacoustic cell 
should be high enough to absorb nearly 100 percent of the radiation at relevant 
wavelengths, even when the sample cell length is short. The photoacoustic cell 
length should be chosen to optimize the volume of the cell to ensure the 
highest possible cell constant, whereas the cell diameter having been 
determined by the optical beam geometry. The cell constant Eq. (29) is 
effectively determined by the volume of the gas to be heated, the leakage 
through the frame gap Eqs. (21) and (22), and the gas string constant Eq. (13) 
interacting with the cantilever, which all depend on the volume of the cell. The 
cantilever dimensions have a direct effect on the signal, but also on the optimal 
volume of the cell. Generally the cantilever should be as thin and long as 
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manufacturing allows, and the frame gap should be as small as possible. The 
smaller the cantilever dimensions, the lower the optimal volume and the 
higher the signal. This is demonstrated in Fig. 10, where the signal amplitude 
at 40 Hz is calculated for four cantilevers of different sizes. A cylinder shaped 
cell is assumed with a diameter of 3 mm.  
 
Figure 10. Simulated signal amplitude as a function of the photoacoustic cell 
length with four different cantilevers. 
 
Not only the partial pressure of the gas to be detected, but also the total 
pressure and the properties of the mixing gas influence the signal. The gas 
string constant, moving mass and damping constant depend on the pressure, 
the leakage time constant depends on the sound velocity, and ratio of specific 
heat capacities on the mixture substances. The use of lower pressures increases 
the signal to a point where the decrease of absorption starts to dominate. In 
Fig. 11 the detection limit for methane is measured by setting the mixture of 
methane and argon (CH4 10 %, Ar 90 %) in the photoacoustic cell at different 
pressures. In this case the highest sensitivity is reached at 130 mbar. A more 
detailed description of the experiments is presented in Paper [II]. 
 
     




Figure 11. Measured detection limits for methane at different photoacoustic 
cell pressures. The photoacoustic cell contained a mixture of methane (10 %) 
and argon (90 %) at different pressures. The sample cell length was ca. 100 cm. 
 
The modulation frequency usually has an optimal value at frequencies 
well below 100 Hz. At the frequencies below 20 Hz, the noise due to external 
vibrations might dominate, but at higher frequencies the dominating noise is 
due to the Brownian motion of gas molecules. In Fig. 12 the signal-to-noise 
ratio is presented as a function of frequency in a case where the cantilever 
dimensions are: 2 mm x 1 mm x 5 µm, gap 1 µm, and the cell dimensions are: 
diameter 3 mm, length 10 mm. The maximum of the signal-to-noise ratio in the 
figure is approximately at 70 Hz. 
 
Figure 12. Simulated signal-to-noise ratio when Brownian noise is assumed to 
be the dominating noise source.  
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The sample gas mixture or pressure are usually determined by the 
application. If there are no cross interferences and the sample concentration is 
very low, it is advantageous to use as long a sample cell as practically possible 
in order to achieve the highest sensitivity. Some applications of the differential 
system require determining small variations in a high concentration. In this 
case the reference cell can also be filled with the high concentration of gas to be 
detected in order to adjust the difference signal to zero at this specific 
concentration. Therefore the sample cell length cannot be long, otherwise too 
much radiation would be absorbed without causing the signal. The optimal 
sample cell length is achieved, when the condition αxL = 1 is fulfilled. An 
example of the variation in transmittance as a function of the cell length, when 
the concentration is altered by 1 ppm, is shown in Fig. 13. The absorption 
coefficient from the water absorption line at 2.67 µm is used in the calculation. 




Figure 13. Variation of transmittance in the sample cell with different water 
vapor concentrations and sample cell lengths, when the water concentration is 
altered by 1 ppm. 
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3.2.4. Selection of the infrared source 
 
Large blackbody radiators are well suited to the differential setup, because 
they give a relatively high energy density on the fundamental vibrational 
bands, exciting all transitions simultaneously. Selectivity is provided by the 
gas filter correlation and possibly additional optical filters. The mechanical 
chopper generates external vibrations at the chopping frequency and tuning 
the signal to the zero level with shutters is challenging, because of the phase 
differences between the two sides of the detector which is due to the large size 
and the geometry of the beam. The use of electrically modulated blackbody 
radiators removes the vibrations due to the chopper and eases the zero level 
tuning. The signal with these sources is low, since their area is very small. 
These sources also have a relatively low temperature, and the modulation 
depth decreases rapidly when the frequency is increased. If the selectivity or 
sensitivity is not sufficient, laser sources can be used. Selectivity with lasers 
does not require the differential setup, but sampling in some applications 
might. Zero level tuning with lasers can be done by using the neutral density 
filter or polarizer in order to avoid geometrical effects which cause phase 
differences. The modulation technique depends on the laser type, but the 
frequency can usually be freely selected.           
Three experimental setups (Fig. 14) were used to compare the sensitivity 
for a large mechanically chopped blackbody radiator, an electrically 
modulated blackbody radiator and a CO2-laser. The first setup was built using 
a large blackbody radiator (5 mm in diameter) with a focusing mirror and 
mechanical chopper. The pressure signal in the photoacoustic cell parts was set 
in the same phase by chopping the beam on the focal point of the elliptic 
mirror while the infrared source was on the other focal point. The amplitudes 
were adjusted with an attenuator in front of the sample cell. The chopping 
frequency was 40 Hz. The second setup was made using an electrically 
modulated blackbody radiator. Two sources were set just in front of the 
sample and reference cells. The hot area in the source was approximately 1 mm 
in diameter. The input voltage was square wave modulated at 15 Hz, giving a 
modulation of more than 60 % to the optical output. The photoacoustic cell 
response at 15 Hz was close to the value at 40 Hz. The third setup included a 
CO2-laser, chopper and a beamsplitter. The optical power was set to 168 mW 
using a polarizer and the laser transition was set to 10P(14) at 10.532 µm. 
      




Figure 14. Experimental setups with three different infrared sources. 
 
Ethylene was used as a demonstration gas. The photoacoustic cell was filled 
with 10 % ethylene in nitrogen, when blackbody sources were used, and a 
lower 1 % mixture with the laser source due to the signal crossing the upper 
dynamical limit of the laser interferometer. The ethylene concentration in the 
sample cell varied from 100 ppm to 1000 ppm. The measured difference signal 
with the large blackbody source was roughly 40 times higher, and with the 
CO2-laser 3300 times higher, than with the electrically modulated blackbody 
source (Fig. 15). The signal-to-noise ratio with the three setups (1.3 s 
measurement time) resulted in the corresponding detection limits of 0.92 ppm 
(Blackbody – chopper), 33 ppm (Blackbody - electric), and 0.010 ppm (CO2-
laser). The experiments are described in Paper [III] and an additional 
discussion on the comparison of infrared sources is presented in Paper [IV]. 
 




Figure 15. Measured difference signals with the three infrared sources and 
fitted linear curves
 
3.3. FTIR setup 
 
FTIR spectroscopy [70] is a suitable technique for when several components 
have to be analyzed simultaneously and their cross correlation is high. Even if 
concentrations of different components vary considerably, these components 
can be separated well. There are certain benefits in photoacoustic FTIR 
spectroscopy (FTIR PAS) compared to conventional transmission based FTIR 
spectroscopy. Still very few studies concerning gas-phase photoacoustic FTIR 
spectroscopy can be found in the literature [71]-[74], since the sensitivity of 
condenser microphones has been insufficient. Most of the benefits relate to the 
property of photoacoustics that the absorption is measured directly. If the 
absorbance is well below 1, the height of spectral line is directly proportional 
to the concentration Eq. (25). This results in the following features which differ 
from those obtained during transmission measurements: the signal-to-noise 
ratio is always higher with increasing absorption, the spectrum is much more 
immune to baseline distortions, spectra can be scaled and subtracted more 
easily, the calculation of absorbance spectrum is not necessarily required, and 
the response is high also with relatively short absorption path lengths. Other 
advantages of photoacoustics are the small sample volume and constant 
response to all wavelengths. In Fig. 16 the comparison of the spectrum 
calculation between conventional transmission FTIR and photoacoustic FTIR 
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are demonstrated with real measured spectra that contain 100 ppm of CH4, 




Figure 16. Comparison of the absorption spectrum calculation in conventional 
transmission and photoacoustic FTIR spectroscopy. Both samples contain 100 
ppm of methane.             
 
3.3.1. Formation of the photoacoustic FTIR spectrum 
 
A typical setup of the photoacoustic FTIR spectroscopy for gas-phase samples 
contains a photoacoustic cell and FTIR interferometer whose output is a 
collimated beam, which is focused to the photoacoustic cell using an off-axis 
parabolic mirror (Fig. 17). An interferogram is recorded with the optical 
cantilever microphone and transformed into a spectrum. 





Figure 17. Typical gas-phase FTIR PAS setup with a cantilever microphone. 
 
The photoacoustic infrared spectrum of the multicomponent sample can 
be written as 
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where P0(ν) is the power density of the infrared source, pi is the partial pressure 
of the component i, TBS(ν) is the throughput of the interferometer beamsplitter, 
and Tw(ν) is the photoacoustic cell window transmittance. The modulation of 
the infrared radiation intensity is created by moving one of the interferometer 
mirrors with constant velocity cmirror. The wavenumber is directly proportional 
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Usually the mirror speed is given as a laser frequency flaser, which corresponds 
to the modulation frequency of the interferometer using a laser whose 
wavelength is λlaser and wavenumber νlaser. An example of the wavenumber 
band variation as a function of wavelength is given in Fig. 18. 
 





Figure 18. Spectral band of 400 cm-1 – 4000 cm-1 with different HeNe-laser 
frequencies and a photoacoustic cell response. 
 
The absorption spectrum EA(ν) is a convolution of the interferometer 
instrument function WA(ν) and pressure (or Doppler) broadened absorption 
spectrum E(ν)     
 
)()()( ννν EWE AA ∗= .    (45) 
 
When aperture broadening due to the finite infrared source and truncating of 
the signal are taken into account, the instrument function has the form [75]  
 









⎛ Ω∗Π= Ω m ,  (46) 
 
where ПΩ(ν) is a boxcar function whose width is δΩ = ν0Ω/2π and height is 2π/ν0, 
ν0 is the line center wave number, Dirac’s delta function δ(ν - ν0Ω/4π) describes 
the shift of the line, Ω is the solid angle where the infrared source is observed, 
and LFT is the optical path difference at the truncation point. In the case when 
the truncation of the signal determines the resolution, an additional 
apodization function WA is often used in the convolution in Eq. (45) for 
selecting the line shape in order to avoid shoulders from the sinc-shaped line. 
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The radiation power density entering the interferometer is derived from 





















πεν ,  (47) 
 
where ε0 is the source emissivity, h is Planck’s constant, c is the speed of light, a 
is the area of the infrared source, Ω0 is the solid angle where the radiation is 
collected by the collimating mirror, AB is the area of the cross section of the 
collimated beam, and fFT is the effective focal length of the collimating mirror. 
From Eqs. (46) and (47) it can be seen that the area of the infrared source affects 
the spectral resolution and power density. The optimal sampling range should 
be selected so that the full width at half heights (FWHH) of the line shape 
functions due to truncation, δL, and that due to aperture broadening, δΩ, are 
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Since it is possible to choose the diameter d of the photoacoustic cell relatively 
freely, the signal amplitude can be enhanced remarkably by using a low 
resolution and a large infrared source and aperture. The diameter should be 
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where fPA is the effective focal length of the focusing mirror (Fig. 17). The 
photoacoustic methane spectrum with 8 cm-1 resolution and components C(ω), 
P0(ν), TBS(ν), and Tw(ν) from Eq. (43) with the mirror speed of 0.08 cm/s are 
shown in Fig. 19. If step-scan interferometry [76] is used, the spectral response 
changes so that the cell constant is equal on every wavelength. It gives some 
enhancement to the signal, because a much lower modulation frequency than 
for continuous scanning can be selected, thereby giving a higher response.    




Figure 19. Simulated photoacoustic methane spectrum, at 8 cm-1 resolution, 
and system response.  
 
3.3.2 Spectral errors in gas-phase photoacoustic FTIR 
spectroscopy 
 
There are several mechanisms that create errors in gas-phase FTIR spectra such 
as line shape distortions, spectral background distortions, the nonlinearity of 
Beer’s law due to finite resolution, and the signal-to-noise ratio. The errors due 
to the interferometer are similar for photoacoustics and the conventional 
transmission method. Since photoacoustics is a direct absorption method, there 
are some discrepancies in the behavior of some errors. In this chapter the most 
relevant differences are discussed and some practical examples from 
simulations are given. 
 
Spectral background distortions in conventional FTIR are caused by the 
need for the measurement of the background spectrum and another sample 
spectrum, which are measured separately. If too long a time has elapsed since 
the background measurement, the blackbody temperature (linear error) or 
optical alignment (nonlinear error) may have changed, for example, due to the 
thermal instability of the interferometer, causing baseline errors in the 
absorbance spectrum. In quantitative analysis these errors have to be 
compensated [77]. When direct absorption measurement of photoacoustics is 
used, these instabilities do not cause baseline error, but they distort the total 
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response of the cell (Fig. 19). This means that the relative height of the 
absorption lines at different wavenumbers is altered. The effect of the error is 
small, because it is not amplified by dividing the two spectra. Instead of the 
instabilities the baseline in photoacoustics is generated by the background 
signal due to the cell walls and windows. This signal is relatively low and it 
stays constant in time, so it can be easily measured and subtracted from the 
sample spectrum. 
 
The nonlinearity of Beer’s law means that at high absorbances due to the 
finite resolution the height of the absorbance spectrum is no longer linearly 
proportional to the concentration, in other words a higher concentration 
spectrum cannot be created from lower concentration spectrum by 
multiplication. Nonlinearity can be determined as [78] 
 
b
result CLStynonlineari = ,     (50) 
 
where the term, CLS result, is the coefficient given by the classical least squares 
fit and b is the ratio between the concentrations of the library spectrum and 
fitted spectrum. In Fig. 20, the nonlinearity of the water spectrum at a 2 cm-1 
and 64 cm-1 resolution with a 20 cm absorption path length, and the residuals 
after the subtraction of the fitted library spectrum from the 20000 ppm 
spectrum, are simulated. The library spectrum is determined using a 100 ppm 
water concentration. Neither the calculation of absorption, nor a change in the 
resolution has much of an affect on the nonlinearity of the water spectrum 
with a 20 cm absorption path length. The effect of nonlinearity is the same in 
photoacoustics as conventionally, but a shorter absorption path increases the 
linear range.  
 
Figure 20. On the left, a simulated nonlinearity of the water spectrum at 2 cm-1 
and 64 cm-1 resolutions and a 20 cm path length due to Beer’s law in the 
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spectrum directly from the photoacoustic signal and calculated absorbance 
spectrum (10-based logarithm). On the right, there are simulated residuals 
after the subtraction of the fitted library spectrum from the spectrum of 20000 
ppm of water.  
 
In photoacoustic FTIR spectroscopy, the absorbance spectrum A(ν) (e-















SA ,       (51) 
 
where S is the sample spectrum and S0 is the reference spectrum. The reference 
spectrum has to be measured e.g. by using a solid-phase carbon black sample 
in the absence of “black gas”, and a constant g is used for adjusting the signal 
level to correspond to that of an ideal gas-phase black absorber. The parameter 
g can be determined from Eq. (51), if A(ν) is modeled for a certain concentration 
and S(ν) is measured with the same concentration. If the parameter cannot be 
determined precisely enough, it is better not to calculate the absorbance 
spectrum, but to use directly the measured spectrum in the quantitative 
analysis. In the example in Fig. 21, the absorbance is calculated perfectly, when 
parameter g is correct. When the determined parameter differs from the correct 
value of g by 10 %, the calculated absorbance spectrum gives more erroneous 
results than an uncorrected spectrum for concentrations under 3300 ppm. The 
calculation of the absorbance spectrum of methane is demonstrated in Paper 
[V].  
 
Figure 21. Comparison of absorbances (e-based logarithm) calculated using 
different values of g.  
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The signal-to-noise ratio in photoacoustic FTIR is linearly proportional to 
the absorption line height, if absorbance is approximated as A(ν) ≈ S(ν)/(gS0(ν)). 
At high absorbances the approximation is no longer valid and a logarithmic 
correction has to be used, Eq. (51). In this case, the signal-to-noise ratio 
decrease at line positions is identical for conventional transmission FTIR and 
photoacoustic FTIR spectroscopy, except that in photoacoustics the absorption 
path length is always relatively short. The signal-to-noise ratio obtained with a 
photoacoustic cell of length 7 mm corresponded to that from a 67 mm long 
transmission cell with a DTGS detector in the study presented in Paper [V]. A 
shorter absorption path length affects the signal-to-noise ratio at the peak 
position, as shown in Fig. 22.  In the case when the most interesting absorption 
lines are under strong interfering lines, this effect becomes important. This 
problem is acknowledged in quantitative analyses of multicomponent gas 
samples [79].  
 
Figure 22. Noise increase at the peak position of the absorbance spectrum (e-
based) in conventional transmission FTIR and photoacoustic FTIR 
spectroscopy. 
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3.3.3. Selectivity and multicomponent measurements 
 
Selectivity in photoacoustic FTIR spectroscopy is obtained by creating a 
spectral library of the possible components in the sample gas and solving the 
concentrations using the classical least squares fit (CLS) [80]. Another widely 
used fitting algorithm, partial least squares regression (PLS), is discussed in 
[79][81][82]. As an example of the selectivity with simple hydrocarbons in a 
multicomponent sample, a measured spectrum and fitted library spectra are 
presented in Fig. 23. It is clear that the different components can be separated 
from the spectrum with a high degree of accuracy. 
 
 
Figure 23. Measured photoacoustic spectrum of multicomponent sample (grey 
line) and fitted library spectra (colored lines). Concentrations of hydrocarbons 
and carbon monoxide are between 200 ppm and 400 ppm, water vapor 
concentration is approximately 6000 ppm and carbon dioxide concentration 
1500 ppm. 
  
When detection limits are calculated from the multicomponent sample 
(Fig. 23), they are around 1 ppm when averaged over 100 scans, depending on 
the system. The detection limits were calculated as an uncertainty in the result 
from CLS. The uncertainty was determined as twice an rms-value of the 
residual weighted by the library spectrum. The detection limits are shown in 
Table II and relevant system parameters in Table III. The measurements in Fig. 
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Table II. Measured detection limits of a multicomponent sample with two 
different FTIR PAS systems. The values in parentheses are not measured, but 
evaluated according to measured values.  
   
 Detection limit [ppm] 
Gas System 1 System 2 
CH4 1.2 0.3 
C2H2 0.6 (0.15) 
C2H4 1.2 (0.3) 
C2H6 0.6 (0.15) 
CO2 4 0.5 
CO 0.8 (0.2) 
H2O 10 1 
 
 
Table III. Relevant system parameters in the detection limit measurement. 
 
System parameter System 1 System 2 




Source diameter [mm] 6 4  
HeNe laser freq. [kHz] 2.5 1.6 
Beam diameter [mm] 38 25 
Spot diameter on focus 
[mm] 
2.9 4.4 
resolution [cm-1] 8 4 
aΩ0 [mm2] 5.1 1.3 
Number of scans 100 100 
Cell diameter [mm] 3 4.5 
Cell length [mm] 20 100 
Cell pressure [mbar] 1000 480 
Cantilever length [mm] 4 6 
Cantilever width [mm] 1.5 1.5 
Cantilever thickness [mm] 10 10 
Cantilever frame gap [μm] 3 3 
 
Also components that are fully overlapping with other spectra can be 
distinguished. For example the nitric oxide spectrum can be easily separated 
from the water spectrum (Fig. 24). Another example is presented in Fig. 25 
where a spectrum of the sample that contains 1200 ppm of water and 100 ppm 
of methane is shown before and after water subtraction. The water library 
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spectrum was made with 700 ppm of water leaving a residual after subtraction 
at the level equal to noise averaged over 100 scans. A negative residual in the 
left-hand-side spectrum of Fig. 25 is due to the carbon dioxide spectrum 
included in the library. The components in the sample mixture should be 
known so that only the required spectra in the library are used with CLS – no 
more, no less.  
 
Figure 24. Measured photoacoustic spectrum of 90 ppm of nitric oxide (NO) 
and water mixture and pure NO spectrum after water subtraction.  
 
       Residual without water subtraction    Residual after water subtraction 
   
      Wavenumber [cm-1]                 Wavenumber [cm-1] 
 
Figure 25.  Residuals of mixture containing 100 ppm of methane and 1200 ppm 
of water, when only carbon dioxide is in the library and after water is added to 
the library. 
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3.3.4. Optimization of the FTIR system parameters 
 
Optimization of the system should follow the pattern: maximize the optical 
power, and design the cell and cantilever dimensions according to the FTIR 
interferometer and the application. First, the value aΩ0 of the FTIR 
interferometer can be optimized according to the desired resolution of the 
application. Often a low resolution is suitable for quantitative measurements 
[83]. The lower the resolution, the larger the infrared source can be (Eq. 48). 
The optical power entering the photoacoustic cell increases linearly, when the 
resolution is decreased and source area increased. The focal length of the 
focusing mirror is chosen by keeping in mind the magnification of the infrared 
source image, spot size on the photoacoustic cell window, and angular 
distribution where the radiation is entering in the photoacoustic cell.  
The cell diameter is selected to be equal to the spot size. The signal-to-
noise ratio decreases roughly linearly with the cell diameter, when the cell 
diameter is increased over the spot size, and respectively decreases roughly in 
proportion to the second power, when it is decreased below spot size. Next the 
cell length is selected. The signal-to-noise ratio has a maximum value with one 
cell length for each set of dimensions of the cantilever in different pressures. 
The nonlinearity of the spectrum and finite reflectance of the cell walls limits 
the possible cell length.  
Cantilever dimensions are basically limited by manufacturing. The 
cantilever should be as long as possible and as thin as possible. The ratio of 
these two dimensions has a great effect on optimization, since the cantilever 
string constant is proportional in the third power to the ratio. However, it is 
limited to 500 by manufacturing in order to prevent the cantilever from 
bending too much. The optimal cantilever width depends on the other 
cantilever dimensions and cell volume, so that the minimum width allows the 
laser beam to be easily adjusted to the cantilever end without touching the 
frame gap. The frame gap should simply be as small as possible. By using 
different cantilever dimensions the resonance frequency can be set. This 
frequency is, in some cases, determined by the wavelength range and mirror 
velocity to be used. In Fig. 26 the signal-to-noise ratio is simulated for the 
photoacoustic cells described in Table III. The Brownian noise is assumed to be 
dominating and also low constant level electronic noise is assumed. The drop 
of the signal-to-noise ratio after the resonance frequency and the ability to 
select possible measurement ranges are well demonstrated.     
 




Figure 26.  Simulated signal-to-noise ratio as a function of modulation 






































Photoacoustic FTIR spectroscopy of 
solid- and liquid-phase samples 
 
 
4.1. Signal generation in solid- and liquid-phase samples 
 
The principle of signal generation is similar for solid- and liquid-phase 
samples. Periodic heating in the sample is generated by the absorption of the 
infrared radiation. The periodic heat flow to the gas from the sample surface 
generates expansion and contraction in a thin layer of gas close to the surface. 
This mechanism is thermal coupling [28]. Periodic heating of the sample causes 
also pressure variations to propagate all directions, and a superposition of 
these acoustic waves at the sample surface generates a surface motion that is 
coupled to the surrounding gas. This mechanism is called acoustic coupling 
[29]. The signal detected in the gas by the cantilever is a combination of these 
two mechanisms. This combination is called a composite piston [29]. In a 
typical solid-phase photoacoustic experiment, thermal coupling is dominant 
and acoustic coupling can be neglected. Acoustic coupling can be the 
dominating mechanism for some liquids. The complex pressure signal 
amplitude for thermally thick samples according to composit piston model [29] 































ω ,   (52) 
where j is an imaginary unit describing the phase of the signal, ω is the angular 
frequency of the modulation, lg and γ are the thickness and ratio of specific heat 
capacities of the gas, p0 and T0 are the gas pressure and temperature, I0 is the 
incident radiation intensity at wavenumber ν, ρs and Cps are the density and 
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heat capacity of the sample, α is the absorption coefficient of the sample, ls is 
the thickness of the sample, βT is the (volume) coefficient for thermal 
expansion, g = (Kgσg)/(Ksσs), σg = (jω/Dg)½, σs = (jω/Ds)½, r = α/σs, Dg and Ds are the 
thermal diffusivities of the gas and sample, and Kg and Ks are the thermal 
conductivities of the gas and sample. The first term in parentheses in Eq. (52) 
describes thermal coupling and the second term acoustic coupling. When an 
absolute value of the pressure signal amplitude and the force affecting the 
cantilever, Eq. (10), are calculated and the force is substituted into Eq. (6), the 
signal amplitude response in a solid-phase photoacoustic system with a 






















































The leak through the cantilever is still modeled using a highpass filter, but the 
heating of the sample and molecular relaxation times are included in the 
composit piston model that describes them only with a simple 1/ω-
dependence. Optically opaque and thermally thick samples that have a large 
surface area give high signals. Helium is ideal for the gas medium, since it has 
a high thermal diffusivity. 
The signal detected by the cantilever is produced above a certain depth 
from the sample surface. Either optical or thermal decay length limits the 
sampling depth (Fig. 27). If the sample is optically opaque, roughly 63 % (1-1/e) 
of the signal is generated before the depth l = 1/α from the surface, where α is 
the absorption coefficient of the sample. Respectively, if the sample is 
thermally thick, 63 % of the signal is generated before the depth limited by the 





μ 2= ,     (54) 
 
where K is the thermal conductivity, ρ is the density and cp is the specific heat 
capacity of the sample, and ω is the angular frequency of the intensity 
modulation. The temperature difference of the gas layer on the surface is the 
combination of these two decays and can be described as [19] 
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αα ,   (55)     
 
where I0 is the intensity of the incident infrared radiation, R is the reflectance of 
the radiation from the sample surface, RT is the reflectance of the thermal wave 
from the sample surface, and l is the depth from the sample surface. This 
means that the sampling depth (μ<<1/α) can be varied by changing the FTIR 
interferometer mirror velocity and modulation frequency. Another way to look 
at this is that optical saturation can be avoided by using high modulation 
frequencies and short sampling depth. The phase lag due to the finite 
propagation time might decrease the signal level and it is the third thing that 
limits the sampling depth. The maximum depth on the length scale is 2πμ, 
which corresponds to the phase lag of 360 degrees [17]. 
 
Figure 27. Schematic drawing of the optical and thermal decay length 
influence on the sampling depth. The sampling depth is limited by the thermal 
diffusion length, if it is higher than absorption depth μ<<1/α2, and by the 
absorption depth in the case when 1/α1<<μ. 
 
The effects of the interferometer and windows wavelength response and 
photoacoustic cell frequency response on the spectrum (Fig. 19) can be 
compensated by the normalization of the signal. For normalization, a reference 
spectrum must be measured using a constant absorbent such as a carbon black 
coated film. With samples that have low absorption coefficients the 
normalization is performed simply by dividing the sample single beam 
spectrum by the reference spectrum. Linearization corrects also the saturation 
effect and line shape of the spectra with high and low absorption coefficients.  










= ,        (56) 
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where SL is the linearized spectrum, SR and SI are the real and imaginary 
components of the sample spectrum and RR and RI are the real and imaginary 
components of the reference spectrum. If Eq. (56) is used, shifting of the 
interferograms might be required in order to have equal centerburst 
retardations [17]. Linearization might be important with quantitative analyses 
or spectral library searches from general libraries. For example, transmission 
spectra libraries can be used for identifying photoacoustic spectra [19].            
 
4.2. Photoacoustic cell design 
 
In order to optimize the signal-to-noise ratio, the photoacoustic cell must be 
designed so as to minimize the cell volume. The cantilever dimensions have to 
be selected according to this volume. Again the ratio of the cantilever length 
and thickness confines the signal. In Fig. 28 the signal response with four 
different combinations of the cell and cantilever dimensions is simulated using 
Eq. (53). When the volume of the cell is already very small (line1), an 
additional decrease does not enhance the signal anymore (line 3), because the 
gas string is dominating the string constant. On the contrary the scaling of the 
cantilever dimensions down enhances the signal (line 4) and in this case also 
the decrease of the volume of the cell increases the response (line 2).  
     
 
 
Figure 28.  Simulated signal frequency response of the photoacoustic cell with 
different combinations of two cantilevers and two cell dimensions. The 
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simulation is made according to Eq. (53) assuming helium atmosphere. 
Cantilever dimensions were (lc x w x  h, and gap) Cant.1: 4 mm x 1.5 mm x 10 
µm, and gap 4 µm, Cant. 2 : 2 mm x 0.8 mm x 4 µm, and gap 1 µm, the volume 
of the Cell 1 was 0.41 ml and volume of the Cell 2 was 0.25 ml.   
 
A prototype of the photoacoustic cell was made for experimental 
measurements (Fig. 29). The cell consists of the sample holder, sample cell, 
cantilever, and balance cell. The samples were set on a small plate at a distance 
between 1 mm and 2.5 mm from the window. An infrared beam from an FTIR 
interferometer was focused to the beam guide pipe. The cantilever and sample 
cell dimensions are the same as for Cant. 1 and Cell 1 in Fig. 28.       
 
Figure 29.  A drawing of the photoacoustic cell made for solid- and liquid-
phase samples.  
 
4.3. Photoacoustic cell performance 
 
The measurement of solid- and liquid-phase spectra was demonstrated using 
the photoacoustic cell (Cantilever PAS) shown in Fig. 29. The cell performance 
was evaluated by comparing the signal-to-noise ratio of the spectra to that of 
the reference spectra measured with a commercial photoacoustic detector, 
MTEC model 300 [86] (Reference PAS). The samples used were a standard 
carbon black coated film [86], polyethene, and sunflower oil. The FTIR 
interferometer used in the measurements was the Mattson Galaxy 6020. The 
interferometer driving parameters are shown in Table IV. The measurements 
of carbon black, polyethene, and sunflower oil are described also in Paper [V]. 
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Table IV. Measurement parameters. 
 
Parameter Value 
Number of scans 100 
Resolution due to drive length  [cm-1] 8 
Resolution due to source aperture [cm-1] 4 at 3095 
Laser frequency [kHz] 1.6 
OPD mirror velocity [cm/s] 0.09 
Measurement time [s] 168 
Pressure in the photoacoustic cell (He) [mbar] 1005 
 
The background single channel spectra measured with the Cantilever 
PAS, Reference PAS, and DTGS detector of the FTIR interferometer are shown 
in Fig. 30. The maximum amplitudes of the spectra are scaled to one. With the 
Cantilever PAS and Reference PAS detectors the background was measured by 
using standard carbon black coated film. Minor differences in the background 
spectra are due to the different frequency and wavelength responses of the 




Figure 30.  Measured standard carbon black coated film spectra with 
Cantilever PAS and Reference PAS detectors and single beam background 
spectrum of DTGS detector.  
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The signal-to-noise ratio of the background spectra was determined from 
a 100 % line, which was calculated by normalizing the 10-scans background 
spectrum with another 10-scans background spectrum. The 100 % lines of the 
three detectors are shown in Fig. 31. The signal-to-noise ratio was calculated 
from rms-noise σ at around 2000 cm-1 as SNR = 1/2σ. The Cantilever PAS 
detector gave a 5 times higher signal-to-noise ratio than the Reference PAS 
detector, but it was 1.3 times lower than for DTGS.  
The Cantilever PAS cell could also work as an infrared detector in the 
same way as Golay-cells [87]. This Cantilever PAS cell is nearly as good a 
detector as DTGS at mid-IR frequencies, but it works also with shorter and 
longer wavelengths if the window material is changed. If the cell were to be 
modified slightly, e.g. as for combination 2 in Fig. 28, it would give a high 
performance also at mid-IR wavelengths. The modulation frequency is limited 
due to the photoacoustic cell frequency response, but the response would limit 
the performance and measurement speed only for short wavelengths. The 
detector would be especially suited to far-IR wavelengths. 
 
Figure 31.  Comparison of 100 % lines with Cantilever PAS, Reference PAS and 
DTGS detectors.  
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Polyethene was chosen as a solid-phase sample. In Fig. 32, the measured 
polyethene spectra with Cantilever PAS and Reference PAS detectors are 
shown. The signal-to-noise ratio was evaluated from the peak height at 1466 
cm-1, and peak-to-peak noise from the range between 2050 cm-1 – 2450 cm-1. The 
signal-to-noise ratio of the Cantilever PAS was 8 times higher than that of the 
Reference PAS. The normalization of the spectrum was demonstrated by 
dividing the spectrum measured with the Cantilever PAS by its background 
spectrum. The polyethene sample also contained a small amount of carbon, 
which created a broad spectrum under the polyethene lines. In the normalized 
spectrum it can be seen as an offset level (Fig. 32).  
 
Figure 32.  Comparison of polyethene spectra with Cantilever PAS and 
Reference PAS detectors and normalized polyethene spectrum. 
 
Sunflower oil was taken as a liquid-phase sample. It’s spectrum was also 
measured with both photoacoustic detectors, and the signal-to-noise ratio was 
evaluated as for polyethene. The peak height was taken at 1746 cm-1 and noise 
evaluated from the band between 1900 cm-1 – 2300 cm-1. Cantilever PAS 
detector had a 10 times higher signal-to-noise ratio than the Reference PAS 
detector. The measured spectra of sunflower oil are shown in Fig. 33, and the 
comparison of signal-to-noise ratios of the detectors with carbon black, 
polyethene, and sunflower oil samples is presented in Table V.  
  




Figure 33.  Comparison of sunflower oil spectra with Cantilever PAS and 
Reference PAS detectors. 
 
 
Table V. Signal-to-noise ratio comparison of the carbon black, polyethene, and 
sunflower oil samples with different detectors.   
 
 Signal-to-noise ratio 
Detector 100 % line Polyethene Sunflower oil 
Cantilever PAS 3480 1060 1550 
Reference PAS 679 134 155 
































Several prototypes of differential photoacoustic, gas-phase FTIR, and solid-
phase FTIR systems were built. Their selectivity and sensitivity were studied 
and demonstrated by measurements and simulations. The cantilever 
microphone proved to be suitable for each setup, and will bring advantages 
compared to existing devices and the use of condenser microphones in many 
applications. Naturally, the measurement technique should be selected 
according to the requirements of the application. The cantilever and 
photoacoustic cell optimization is different in each system.   
Three differential photoacoustic system prototypes were built and their 
sensitivity and selectivity were studied experimentally and theoretically. The 
differential setup is suitable for online measurements of a single gas 
component and the measurements can be made from the flowing a sample or 
even in the open air. The sensitivity is well comparable to that of existing 
devices; a low ppm range can be achieved with sampling intervals of a few 
seconds using a blackbody radiator as an infrared source. The selection of the 
infrared source has a large effect on the sensitivity. The lowest detection limits 
are achieved, when high power lasers for mid-IR range fundamental vibration 
lines are used. Selectivity depends strongly on the gas to be measured and 
other possible components in the sample. For multicomponent samples, a 
better selectivity is achieved using the FTIR setup. 
The gas-phase photoacoustic FTIR setup was studied using four different 
prototypes, and they were combined with three different kinds of 
interferometer. The benefits of the photoacoustic FTIR are best exploited, when 
the interferometer has a slow mirror velocity and a large aperture. These 
benefits are a high sensitivity from small sample volumes and a short 
absorption path length, which makes the spectra more linear for higher 
concentrations and enhances selectivity by allowing, for example, a more 
accurate water spectrum subtraction. FTIR systems should be used, when 
many components have to be analyzed simultaneously or when the sample 
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includes several interfering components. It takes over ten times longer to 
achieve ppm-level detection limits for a single gas than with the differential 
system. The measurements cannot be performed during the sample change, 
but the photoacoustic cell has to be closed while the measurement is on.  
The prototype of a detector for solid-phase photoacoustic FTIR 
spectroscopy was compared to a commercial device. With the cantilever 
enhanced detector, the signal-to-noise ratios of three samples were 5 – 10 times 
higher than those obtained with the reference detector, which had a condenser 
microphone. In terms of the measurement time, this would mean a 25 – 100 
times faster measurement in order to achieve the same sensitivity. The 
sensitivity would still be higher even if air were used as the gas medium 
instead of helium. Another advantage, compared to existing devices, is the 
possibility of heating the sensor. This may give new possibilities in research 
and create new applications. 
In the future there will be complete photoacoustic analyzers including 
several simultaneous infrared sources and miniaturized cells with cantilevers 
of scaled dimensions. Also new types of laser interferometers to improve the 
stability of optical microphones, cell heating and optimized FTIR 
interferometers for photoacoustics will be studied. According to simulations 
further enhancements in sensitivity can be expected. The use of an optical 
cantilever microphone has a very promising future in photoacoustic 
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